The overall aim of this paper is to evaluate potential new modifications to methods for re-creating heathland habitats. Heathlands need acidic soils so the specific objectives are to evaluate the effectiveness of a new method for heathland re-creation by soil acidification using a sulphur soil amendment and to explore the benefits for re-creation of applying a soil stripping treatment in conjunction with soil acidification. A new source of sulphur was recovered from oil refinery towers and applied over agricultural sites covering a total of 13 ha on Trehill Farm, Marloes, Pembrokeshire, Wales, UK in 2004. In the summer of 2011 we compared soil chemistry and plant communities on sites subjected to different sulphur treatments (sulphur applied to the existing soil Green et al.; IJPSS, 6(5): 272-282, 2015; Article no.IJPSS.2015.117 273 surface and sulphur applied after top soil had been stripped) with those on an adjacent untreated control and on a nearby established heathland. Each of the four treatment sites and the control and heath site was surveyed using 10 random locations measuring 4 m x 4 m. The total above ground % cover was measured for each plant species and a bulk soil sample was taken in a 'W' shape from within each 4 m x 4 m quadrat. pH and all chemical parameters of the soil showed highly significant differences amongst the sampled sites (P>0.01 in all cases) and produced even greater abundance of ericaceous species on some of the treated sites than occurred in the established heath. However, soil stripping had no significant additional effect on either edaphic factors or plant species abundances. Sulphur recovered from oil refinery is a potentially useful tool in heathland recreation, but soil stripping prior to sulphur amendment did not enhance success. We propose that sulphur application drives success through increasing H + toxicity reducing the availability of base cations and creating Fe-induced Mn deficiency in plants.
INTRODUCTION
Lowland heathland is one of the world's rarest and most fragmented habitats and occurs predominately on acidic soils on the Atlantic seaboard of Europe [1] . It is a low-growing ericaceous scrub community with a large proportion of specialist species (Fig. 1) . It has predominantly arisen through, and is maintained largely by, centuries of anthropogenic activities such as livestock grazing and collection of wood fuel, building materials and bedding [2, 3] . However, widespread industrialisation, decline of traditional farming practices and spread of urban development has created huge losses over the last two centuries [4] [5] [6] .
As a result of this loss, the re-creation of lowland heath is an important aspect of heathland conservation and there has been considerable research effort put into devising methods for recreating heathland on land where it has been lost due to agricultural intensification [7] [8] [9] [10] . As heathlands are special ecosystems dependent on acidic, nutrient poor soils, all methods seek to reverse the key edaphic changes effected during agricultural improvement (i.e. increased soil pH and nutrient availability) so that ericaceous species are not out-competed by mesotrophic grasses [11, 12] . This can be achieved by physically removing the improved topsoil [13, 14] or by chemically amending it to reduce pH and macronutrient concentrations [15, 16] . Usually only one of these approaches is used and the acidification agent that has emerged as particularly effective is elemental sulphur in the form of the agricultural fertiliser Brimstone 90 [17, 18] . However both soil stripping and Brimstone 90 application are expensive techniques to use on a large scale. Furthermore, each has an important limitation when used alone; soil stripping results in pH still being high and acidification with sulphur results in increased availability of phosphate [18] .
In this article, we consider two issues viz the effectiveness for re-creating heathlandsupporting soils of i) Using an alternative, cheaper source of sulphur for soil acidification and ii) Combining a soil stripping treatment together with a sulphur soil acidification treatments were evaluated.
METHODOLOGY

Site Description
The study was conducted on Trehill Farm, which is located on the Marloes Peninsula, Pembrokeshire (O.S. Ref: SM766082). The soils are boulder clay surface-water gley soils (cambicstagnogley and stagno-humicgley) that have imperfect drainage and so are subject to seasonal water-logging [19] . Historic records of past land use in the coastal strip of the Trehill farm area prior to the mid-20 th century are limited, but indicate that it was largely heathland, used for grazing cattle. The farm was purchased by the National Trust, a UK conservation charity, in 1941. By this time, as elsewhere across Europe, increased mechanisation and intensification of agriculture had resulted in this land having been ploughed and converted to cereal production, particularly triticale and barley. Growing these crops required soil modification by liming to reduce soil acidity and substantial and sustained input of fertilisers, particularly as these crops were under sown with rye grass to provide forage for sheep during the winter months.
Experimental Treatments
In the 1990s, the National Trust embarked on a heathland re-creation plan for a total of 13 ha of the coastal part of the farm. Achieving this required either modification or removal of the improved soil so that edaphic conditions were suitable for supporting acidophilus heathland plant species rather than mesotrophic grassland species. Some soil stripping was carried out in some areas (areas B E and F; Fig. 2 ) to depth of between 20 and 30 cm in September 2003. However, it was decided that acidification with sulphur would be the main treatment applied throughout the farm, including on areas that had already been soil stripped. A novel source of sulphur was used as the high cost of processed, agricultural grade elemental sulphur limited its practical applicability for large scale use. The new source was sulphur recovered from oil refinery towers and was donated by ChevronTexaco's Pembroke refinery. The sulphur was collected in the usual way as a hot liquid directly from the plant's sulphur recovery unit, which was discharged onto a bunded hard standing in a corner of the refinery, where it cooled and solidified. This was then broken down into a powder using a combination of a 1.5 metre, rideon vibrating roller and JCB. This processing resulted in 100 t of sulphur fragments that varied in size from powder to nuggets measuring a few cm across. This variation is an inherent consequence of the production method and was considered likely to be advantageous as the larger fragments would be able to provide a slowrelease effect, which would perhaps help to maintain low pH into the long-term.
In the spring of 2004, the sulphur was applied using a conventional lime-spreader at a rate of about 4 t ha -1 across most of the sites (although up to 8 t ha -1 was applied in some patches that supported particularly strong growth of mesotrophic grasses, such as the sown rye grass). The sulphur spreading work was completed within 1 day. The long absence of ericaceous species from this site meant that it was deemed necessary to introduce a source of heather seed. Seed was collected from a nearby site by cutting heather brash in late October 2004 using a double-chop forage harvester, which could cut and shred the woody material containing the seed and blow it into 14 t trailers drawn alongside. A total of 18 trailer loads were taken to Trehill and spread using a muck spreader on same day as harvested to produce a 50% cover of heath mulch on all the areas where sulphur has been applied. 
Site Data Collection
In the summer of 2011, a survey was carried of the soils and plant communities created on four of the sulphur amended sites at Trehill (sites A, B, F and G), which were compared to a control site where no sulphur had been added (site D) and the long established heathland at Wooltack Point. Sites A, B, F and G were chosen to enable comparison between sites where soil was stripped in addition to sulphur application ( Table 1) .
Each of the treatment sites and the control and heath site was surveyed using ten locations measuring 4 m x 4 m. In locations, the total above ground % cover was recorded for each plant species by visual estimation [20] and the soils sampled from the A horizon ( In the summer of 2011, a survey was carried out of the soils and plant communities created on of the sulphur amended sites at Trehill (sites A, B, F and G), which were compared to a control site where no sulphur had been added (site D) and the long established heathland at s A, B, F and G were chosen to enable comparison between sites where soil was stripped in addition to sulphur application Each of the treatment sites and the control and heath site was surveyed using ten random each of these locations, the total above ground % cover was recorded for each plant species by visual estimation [20] and the soils sampled from the A p 15 cm) by the taking of ten subsamples in a 'W' shape. Soil samples from each location were bulked together, yielding ten measurements of the plant community and soil samples for each site sampled.
Soil Analyses
Soil analysis was carried out on the fine earth fraction. Soil pH was determined in a 2 suspension of water to soil. The e concentrations of Ca, K, and Mg in soil were determined by shaking 10 g of soil in 50 M ammonium nitrate for 30 min [21] . The extractable concentration of Fe was determin via extraction from 10 g of soil with 50 M EDTA disodium salt after shaking for 1 h 20 o C. The exchangeable and easily reducible concentration was determined by extraction in 0.2% w/v quinol/1 M ammonium acetate from 10 g of soil. Soil and extract and were shaken for 30 min and allowed to stand for 6 h periodic shaking) [21] . Extractable Al concentrations in the soil were determined by extraction with Morgan's reagent (1.25 M ammonium acetate acidified to pH 4.8 with acet acid). A suspension was formed from 10 g of soil and 50 ml of Morgan's reagent, which was left to stand for 2 h before being filtered and made up to a final volume of 100 ml [22] . Sulphate concentration in soils was ascertained from the extractable concentration of S, which in turn was determined via the extraction of S from 10 g of soil by 50 ml of 0.016 M potassium dihydrogen Soil analysis was carried out on the fine earth s determined in a 2.5:1 suspension of water to soil. The extractable concentrations of Ca, K, and Mg in soil were determined by shaking 10 g of soil in 50 ml of 1 M ammonium nitrate for 30 min [21] . The extractable concentration of Fe was determined via extraction from 10 g of soil with 50 ml of 0.05 dium salt after shaking for 1 h at C. The exchangeable and easily reducible Mn concentration was determined by extraction in M ammonium acetate from 10 and extract and were shaken for 30 (with frequent, periodic shaking) [21] . Extractable Al concentrations in the soil were determined by extraction with Morgan's reagent (1.25 M ammonium acetate acidified to pH 4.8 with acetic acid). A suspension was formed from 10 g of soil which was left to before being filtered and made up [22] . Sulphate concentration in soils was ascertained from the entration of S, which in turn was determined via the extraction of S from 10 g of of 0.016 M potassium dihydrogen orthophosphate [23] . Plant available phosphorous was determined by shaking 0.5 g of soil with 100 ml of sodium bicarbonate (pH 8.5) for 30 min at temperature of 20°C [24] . Concentrations of elements in extracts were determined by ICP-OES, whilst phosphorous concentration in extracts was determined using the molybdenum blue method [25] .
Data Analyses
Preliminary screening of the data sets for compliance with the assumptions of parametric statistical tests revealed that the majority of data sets failed to meet these assumptions. Accordingly, robust methods of statistical analyses were used throughout. For one-way comparisons, Welch's F-ratio was used along with the Games-Howell post hoc test. Correlations between variables were determined by Spearman's rank order method. No Erica cinerea or Calluna vulgaris plants were found growing in the control site and this site was not included in the one-way comparisons for these two species as Welch's F-ratio could not be calculated. All statistical analyses were conducted using SPSS vs. 19 and significance was determined by P< 0.05 in all instances.
RESULTS
Soil Parameters
All measured soil chemical parameters demonstrated highly significant differences amongst the sampled sites (Table 2 ). In both T3 and T4, sulphur treatment lowered soil pH compared to the control (T1) and target heath (T2), with the exception that one T4 site (B) had a pH that did not differ significantly from the heath soil. The base cation and plant macro nutrient K was significantly more available in the soils of the heath than in the other sites, including the control (T2). Extractable K concentration did not differ among one T3 site (A), one T4 site (B) and the control, but the other T1 site (G) and T4 site (F) had significantly lower K concentrations. The other two important base cations are Ca and Mg. Extractable Ca concentrations differed significantly from the control site and heath (T2) in both sites of T4 and one T3 site (G). T3 site A, the heath and control showed no significant difference in Ca concentration. The extractable concentration of Mg was markedly lower in the T3 and T4 treatments than in the heath and the control, which did not differ significantly from each other.
Extractable phosphate and Fe concentrations increased in the sulphur treatments T3 and T4 sites compared to the control and heath sites. The lowest phosphate concentration was found in the heath and both T3 and T4 sulphur treatments resulted in a marked increase in extractable phosphate. Both the heath and control differed significantly from the T3 and T4 sulphur treatments, whilst no significant differences were found between the T3 and T4 treatments. Al and Mn are potentially toxic cations [26] . Extractable concentrations of both these elements were high in the soil from the heath. Extractable Mn concentrations were also high in the control. In both T3 and T4, elemental sulphur application tended to lower the concentration of Al and, particularly, Mn. However, one T3 site (A) showed no difference in Al concentration and one T4 site (B) exhibited no significant difference in Mn concentration when compared to the heath. 
Plant Cover
Significant differences were found amongst the treatments for the cover of Erica cinerea, Calluna vulgaris, Agrostis capillaris, Holcus lanatus and Trifolium repens, but not for Plantago lanceolata (Table 3 ). The typical heath species E. cinerea displayed significantly greater cover in one T3 site (G) and one T4 site (F) than in the other T3 site (A) and T4 site (B), but no site was significantly different from the heath site in terms of E. Cinerea cover. The other species typical of heath, C. vulgaris, showed broadly the same pattern, although one T3 site (G) had significantly greater cover than other T3 site (A), one T4 site (B) and the heath (T2).
Agrostis capillaris cover was significantly decreased in the sulphur treatments T3 and T4 compared to the control and A. capillaris cover was only significantly lower than in the heath in site A of T3. Holcus lanatus cover was greatest in the T4 sites, but only one T4 site (B) exhibited significantly greater cover than the heath (T2) or control (T1). Cover of T. repens was similar in all sites except site A of T3; indeed, the only significant difference found was between this site and the heath. 
Correlations between Soil Parameters and Plant Species Cover
With the exception of Al, Soil parameters were strongly correlated with soil pH (Table 4 ). The pH of the soil was also the parameter exhibiting the strongest correlation with the cover of C. vulgaris and E. cinerea (Table 5 ). In addition to pH, E. cinerea cover was also correlated with extractable K, Ca, Mg and SO 4 2- . Calluna vulgaris cover was correlated with P, K, Ca and SO 4 2- . Consequently, pH appeared to the prime driver of differences in both the soil chemistry and positive changes in the plant community.
Cover of A. capillaris was significantly correlated with soil pH and with the extractable concentrations of Al, Mn and Fe. Cover of Trifolium repens and P. lanceolata were also positively correlated with Mn and P. lanceolata was additionally negatively correlated with Fe. Consequently, Mn and/or Fe showed important correlations with the cover of three of the four mesotrophic species studied. These two elements showed a highly significant negative correlation with each other and, as stated above, soil pH strongly correlated with the extractable concentration of both elements. Lowering the extractable concentration of Mn and increasing the extractable concentration of Fe via soil acidification therefore appeared to facilitate a reduction in some of the species undesirable in heathland restoration.
DISCUSSION
The use of soil stripping in addition to elemental sulphur application had little discernible effect on soil chemistry as there were no consistent differences between the sites subject to soil stripping and then sulphur application and sulphur application only. Hence, the application of this expensive technique, which can potentially damage archaeological remains and poses a problem of what to do with the stripped soil, is an unnecessary addition to sulphur application. However, treatment with elemental sulphur reclaimed from the oil refinery had a profound effect on soil chemical properties. In accordance with the findings of other work [10, 17, 18, 27] , soil pH was significantly reduced by sulphur treatment, from 5.94 in the untreated control site to between 4.13 and 4.95 in the sulphur treated soils.
Thus, all sulphur amended soils exhibited soil pH values below the nearby heath. Reclaimed sulphur therefore has a similar efficacy as more expensive and refined sulphur products. Sourcing sulphur from nearby refineries may lower the cost further and this type of crudely processed sulphur results in a wide variety of sulphur particles/granules. The greatly differing surface areas that result should ensure a slow oxidation of the sulphur over many years and in turn, long-term modification of soil chemistry.
Concurrent with the decrease in pH, there was a significant decrease in the extractable concentration of the base cations Ca, Mg and K, evidenced by all 3 elements being strongly correlated with soil pH. A reduction in Ca and Mg levels is a common effect of soil acidification, including when sulphur application is made, but effects on K are more varied and changes in extractable K are not always found [10] . A further typical effect of falling pH, particularly when the pH falls below pH 5.5, is the increased extractability/solubility of the potentially phytotoxic elements Al and Mn [26, 28] . In the present study, Mn availability increased with pH rather than fell, whilst that of Al showed no relationship to soil pH. However, a weak relationship between soil pH and extractable Al concentration in the upper horizons of podzolic soils has been reported by other workers [27, 29, 30] and a more typical negative correlation between pH and Al mobility occurs deeper in the profile [29, 30] , beyond the zone influenced by sulphur application [27] . The reason for the positive relationship between Mn availability and soil pH found in the present study was not known, but Mn behaviour is complex and depends on factors other than pH (particularly Eh) [28] . The relatively high extractable concentration of Mn in the target heath and untreated control site and low extractable concentration in the sites treated with sulphur suggests that leaching of Mn from the upper horizons after mobilisation by decreased pH and/or increased SO 4 2-concentration may have occurred.
Soil from the target heath had a very low available PO 4 3-concentration compared to the sites treated with sulphur. Indeed, sulphur increased the availability of PO 4 3-compared to the control site and availability increased with decreasing soil pH. Sulphur application has been shown to increase P availability in heathland restoration [18] and this reflects the relationship between soil pH and the P concentration in the soil solution [31] . Fe concentration in the soil solution also increases with decreasing pH [31] and this is confirmed by the findings of the present study. However, no change in Fe availability was found by Diaz et al. [18] in response to the application of sulphur for restoration purposes, suggesting that this is not a predictable effect.
Elemental sulphur was successful in reestablishing two key heathland species, E. cinerea and C. vulgaris. Cover of both species responded most strongly to an increase in the acidity of the soil. Although the other measured chemical parameters of the soil were heavily influenced by the change in soil pH, both species additionally appeared to respond positively to a reduction in availability of base cations. The most abundant mesotrophic grass species in the control site was A. capillaris. Control of this species is key to the successful restoration of heathland species such as E. cinerea and C. vulgaris as they are poor competitors compared to such grasses. Elemental sulphur treatment significantly reduced A. capillaris cover, but did not eliminate this species entirely. Agrostis capillaris cover was positively correlated with soil pH and Mn availability and negatively correlated with Fe and Al availability. Direct toxicity caused by H + ions and the release of Al into available and therefore toxic forms are major causes of phytotoxicity in acidic soil [32] . The relatively weak negative relationship between A. capillaris and the extractable Al concentration may partially reflect stress caused by Al availability. However, Al was not strongly mobilised and the main driver of changes in A. capillaris cover over the site as a whole appeared to be due to decreased soil pH.
The results for site A imply another mechanism may have contributed to a decrease in cover of undesirable plant species. Agrostis capillaris cover was lowest in site A, as was the cover of the other three main mesotrophic plant species. With the exception of A. capillaris, a change in soil pH was not correlated with a change in mesotrophic plant abundance, hence the suggestion that another mechanism may be responsible for the low plant cover observed in site A. An examination of the soil chemical parameters from this site shows that it had the highest concentration of extractable Fe and the lowest concentration of extractable Mn. Furthermore, correlations between plant cover and Mn and Fe concentrations over all the sites indicated that the extractable concentration of these two elements could possibly influence the cover of mesotrophic species. Mn is an essential nutrient required by plants for use in redox systems and lignin synthesis [33] . Both Mn and Fe are acquired by plants via active transport systems involving Natural Resistance Associated Macrophage Protein 1 (NRAMP1) [34] and Zinc Regulated\Iron Regulated Protein (ZIP) family members [35] . Shared uptake pathways can potentially lead to competition for the transporter protein and Korshunova et al. [35] 
CONCLUSION
Treatment of soil with elemental sulphur reclaimed from the oil refinery process provided suitable conditions for the control of competitive mesotrophic plant species and the establishment of heathland species. This reflected changes in the soil chemistry that were consistent with the effects of sulphur processed into fertiliser. The cost of sulphur-fertiliser is between 2-5 times higher than the commodity price of sulphur and so a considerable saving can be made by using sulphur from refineries. The present study has also demonstrated that the effort of stripping the surface soil away has little additional effect on soil chemistry over and above that achieved by sulphur application alone. The present study has therefore demonstrated the most economical method of amending soil chemistry to facilitate heath recreation is to use elemental sulphur obtained from refineries without further processing or soil treatment. Furthermore, in addition to inducing phytotoxicity through increased availability of toxic cations and concurrent reduction in the availability of base cations, the present study has indicated that elemental sulphur application may alter soil chemistry in ways that further stress undesirable plant species by inducing Mn deficiency.
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